Dimerization of single-pass membrane receptors is essential for activation. In the human thrombopoietin receptor (TpoR), a unique amphipathic RWQFP motif separates the transmembrane (TM) and intracellular domains. Using a combination of mutagenesis, spectroscopy, and biochemical assays, we show that W515 of this motif impairs dimerization of the upstream TpoR TM helix. TpoR is unusual in that a specific residue is required for this inhibitory function, which prevents receptor self-activation. Mutations as diverse as W515K and W515L cause oncogenic activation of TpoR and lead to human myeloproliferative neoplasms. Two lines of evidence support a general mechanism in which W515 at the intracellular juxtamembrane boundary inhibits dimerization of the TpoR TM helix by increasing the helix tilt angle relative to the membrane bilayer normal, which prevents the formation of stabilizing TM dimer contacts. First, measurements using polarized infrared spectroscopy show that the isolated TM domain of the active W515K mutant has a helix tilt angle closer to the bilayer normal than that of the wild-type receptor. Second, we identify second-site R514W and Q516W mutations that reverse dimerization and tilt angle changes induced by the W515K and W515L mutations. The second-site mutations prevent constitutive activation of TpoR W515K/L, while preserving ligand-induced signaling. The ability of tryptophan to influence the angle and dimerization of the TM helix in wild-type TpoR and in the second-site revertants is likely associated with its strong preference to be buried in the headgroup region of membrane bilayers.
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myeloproliferation | transmembrane domain | JAK2 | NMR spectroscopy | FTIR spectroscopy T he thrombopoietin receptor (TpoR, c-MPL) is a typical single-pass membrane receptor with a large extracellular ligandbinding domain, a single transmembrane (TM) helix, and a cytoplasmic domain that is involved in intracellular signaling (1, 2) . In these TM receptors, activation is mediated by ligandinduced dimerization of receptor monomers or structural rearrangement within preformed dimers, which induce changes in the rotational orientation and/or association of the TM and juxtamembrane (JM) regions of the receptor. In many single-pass membrane receptors, receptor activity is regulated through these structural elements (3) .
TpoR is unique in that it is expressed in hematopoietic stem cells, where it is essential for maintaining stem cell reservoirs (4) (5) (6) , and in early myeloid progenitors and megakaryocytes, where it regulates the differentiation and production of platelets (7, 8) . In contrast to the TpoR, the erythropoietin receptor (EpoR), a related cytokine receptor, is essentially expressed only in erythroid progenitors, where it regulates red blood cell production.
Tight control of receptor activity is particularly important for the TpoR, because mutations within its TM and JM domains both lead to constitutive activation and myeloproliferative disorders. Within the TM domain, the S505N mutation is associated with familial forms of thrombocytosis (9) and induces stable, active receptor dimers (10, 11) . At the intracellular TM-JM boundary, we have described a conserved amphipathic motif (RWQFP) that is specific to the TpoR (12) in which mutations at W515 (W515L/K/A) lead to constitutive receptor activation and are associated with JAK2 V617F-negative myeloproliferative disorders, namely essential thrombocythemia and primary myelofibrosis (13) (14) (15) (16) (17) .
Biochemical studies and assays for membrane-spanning domain dimerization indicated that the TM domain of TpoR is a dimer and that TpoR can signal from several different helix orientations (18) . To establish how the relative rotational orientations of the TM helices influence receptor activation, we have engineered dimers of both the TpoR and EpoR. In the TpoR, we have shown that different in vivo phenotypes are imparted by distinct TM helix orientations (19) . We identified one rotational orientation corresponding to an inactive dimeric state, and another orientation corresponding to the activated receptor. Several other orientations induce partial and pathologic signaling. The helix interface identified as inactive using the engineered dimeric coiled coils (19) is identical to the inactive interface identified previously (18) . Moreover, the ability of the TpoR to signal through several different dimeric orientations contrasts with the EpoR, where only a single active interface was identified (20) .
Here we focus on the role of the JM domain of the TpoR in the regulation of its activity. We address the ability of wild-type TpoR to dimerize in membrane bilayers and discuss how dimerization is controlled by the unique RWQFP motif at the intracellular TM-JM boundary. We describe a unique function for the tryptophan residue within this motif in preventing dimerization of the upstream TM α-helix and productive signaling. We propose a mechanism that explains TpoR activation by mutations at W515, as well as the reversal of constitutive activation by second-site mutations.
Results
Tryptophan Is Absolutely Required at JM Position 515 to Maintain the Unliganded TpoR Inactive. Several specific mutations have been described in the RWQFP insert that lead to myeloproliferative disorders-namely W515 mutations to leucine, lysine, arginine, alanine, and serine (12) (13) (14) (15) (16) (17) 21) . The diversity of amino acids of both hydrophobic and hydrophilic character that are able to activate the TpoR suggests that Trp515 is unusual and is regulatory as a result of its size and/or aromatic character. We compared the influence of mutations at position 515 that have been identified in patients with myeloproliferative neoplasms (MPNs) and then the influence of additional mutations at adjacent positions to test whether Trp515 interacts in concert with Arg514 and Gln516 to stabilize the TpoR in the inactive state.
In the murine (KWQFP) and human (RWQFP) sequences, the first and second residues are conserved as a positively charged amino acid and tryptophan, respectively, suggesting a cation-π interaction (Fig. S1 ). To address whether an aromatic residue is required at the second position for function, W515 was mutated to phenylalanine or tyrosine. As shown in Fig. 1A (Right), both tyrosine and phenylalanine lead to constitutive TpoR activation, indicating that aromatic character alone is not sufficient to prevent self-activation. The activity of W515Y and W515F TpoR is significantly higher than wild-type TpoR, although lower than mutations identified in MPN patients (K, L, A, R, or S; Fig. 1 A and B) . The results roughly correlate with the interfacial hydrophobicity scale (22) in which tryptophan has the highest free energy among the amino acids to partition into the headgroup region of the membrane bilayer.
We asked whether residues in the vicinity of W515 impact its inhibitory function. Substitution to lysine of residues 516, 517, and 518 did not induce activation (Fig. S2) . Similarly, mutating R514 to A, W, or F did not induce activation. However, all these mutants responded to Tpo addition like the wild-type TpoR.
The data obtained using transient expression in γ-2A cells were confirmed in stably transduced IL-3-dependent Ba/F3 cells ( Fig. 2 ). All mutants of TpoR that exhibited constitutive activation in luciferase assays in γ-2A cells were able to induce IL-3-independent proliferation of Ba/F3 cells after expression at levels similar to that of the wild-type TpoR, which was only activated in the presence of Tpo. Equal levels of expression were confirmed on the basis of equivalent GFP levels by flow cytometry cell sorting (23) and HA-TpoR expression by Western blotting.
In addition, we tested STAT-dependent transcriptional signaling of W515 mutants using a luciferase reporter in the JAK2-deficient γ-2A cells (24) , in which TYK2 and not JAK2 was coexpressed with the TpoR and luciferase reporters. TpoR W515 mutants did not exhibit constitutive activity in the absence of JAK2 but responded to Tpo like wild-type TpoR. These data indicate that W515 mutants constitutively activate signaling of TpoR via ligand-independent activation of JAK2 (Figs. S3 and S4).
Reversal of Constitutive Activity of TpoR W515 Mutants by Substituting
Surrounding Residues to Tryptophan. To further test the hypothesis that tryptophan plays a unique role at the intracellular TM-JM boundary of the TpoR, we engineered R514W or Q516W mutations into the active TpoR W515K and W515L mutants. The idea was that in the context of the active TpoR W515 mutants, a tryptophan residue before or after residue 515 might reverse activation. As shown in Fig. 1B , R514W suppressed the constitutive STAT5 activation of TpoR W515K and W515L mutants in γ-2A cells. The doubly mutated receptors behaved as wild-type receptors, in that they responded normally to Tpo. Similarly, the Q516W reversed activation of TpoR W515K and W515L mutants, conferring a wild-type phenotype, with no activation in the absence of Tpo and normal response to Tpo. These data were reproduced upon stable retroviral expression in Ba/F3 cells. Ligand-independent proliferation of Ba/F3 cells induced by the TpoR W515K mutant was prevented by the R514W and Q516W mutations, whereas Tpoinduced proliferation remained intact (Fig. 2) . As a control, individual mutations at the rescuing positions, or the WWQFP mutant did not induce constitutive activation and retained response to the Tpo ligand. Overall these data indicate that placing tryptophan in the vicinity of the W515 mutations prevents were expressed in γ-2A cells cotransfected with JAK2 and tested for liganddependent and -independent induction of STAT5-dependent transcriptional activity. Two reporters are used in the dual luciferase assay: the experimental firefly (FF) luciferase reporter, which responds to JAK/STAT pathway, and a cotransfected renilla (RL) luciferase control reporter driven by a constitutive promoter that provides a baseline signal proportional to transfection levels. The firefly/renilla (FF/RL) ratio normalizes the FF response for experimental variability due to cell viability and transfection efficiency. (B) Constitutive activation of TpoR W515 mutants is reverted by substituting the preceding (R514) or subsequent (Q516) residue by tryptophan. Replacing residue 514 or 516 with a tryptophan residue (R514W or Q516W) reverts TpoR W515K (Left) and TpoR W515L (Right) to a wild-type TpoR phenotype. Shown in A and B are averages of three replicates ± SD in one representative experiment out of at least three. NS, nonsignificant; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001, Student t test. receptor self-activation and renders a wild-type phenotype to the TpoR W515 mutant.
Impact of W515 on Dimerization of Full-Length TpoR. To assess the oligomerization status of the TpoR and selected mutants in cell membranes, we used the Gaussia princeps luciferase complementation assay (25) . This protein fragment complementation assay can be used at levels of expression that are close or similar to those of normal cells (25) . Two fragments of Gaussia princeps luciferase, Gluc1 and Gluc2, were fused in-frame to the carboxyl terminus of the TpoR after introduction of a short flexible linker and subcloned in pcDNA3. Fig. 3A shows that when the wild-type TpoR-Gluc1 or -Gluc2 constructs were individually transfected in HEK293 cells, no reconstituted luciferase signal could be detected. When the wildtype TpoR-Gluc1 and -Gluc2 constructs were cotransfected, a signal was obtained that reflects a basal level of receptor dimerization. This level is significantly weaker than that of EpoR fused to the same Gluc1 and Gluc2 fragments (∼2.5-to 3-fold weaker; Fig. S5 ), consistent with weaker levels of dimerization previously reported for the TM domain of TpoR (18), compared with EpoR (26) (27) (28) (29) . We then tested the activating mutations found in the TM (S505N) and JM (W515K) regions of the TpoR. As shown in Fig. 3A , both mutations increased the luciferase signal to statistically significant levels (P < 0.01 and P < 0.05 for the S505N and W515K mutants, respectively). Furthermore, when the double mutant W515K, Q516W was tested, the luciferase signal was not statistically different from that of wild-type TpoR. Taken together these data indicate that the W515K mutation, and as expected the S505N mutation, impact the dimerization status of the full-length receptor. Levels of expression of TpoR mutants are shown in Fig. 3B . Fusion of TpoR with the Gluc1 or Gluc2 did not change signaling in the presence of Tpo or activation by the W515K or S505N mutations (Fig. 3C) .
Constitutive TpoR Activation Is Associated with TM Helix Dimerization and Modulated by the RWQFP Motif. To address whether dimerization is directly modulated by the RWQFP motif, measurements of dimerization were performed in lipid membrane environments using deuterium magic angle spinning (MAS) NMR spectroscopy and in detergent environments using analytical ultracentrifugation. Deuterium MAS NMR spectroscopy provides a simple approach to compare membrane dimerization of TM peptides (30) . The intensities of the side bands in a deuterium MAS spectrum map out the deuterium line shape and are sensitive to molecular motion. Methyl-deuterated leucines facing the lipid have greater rotational freedom and exhibit weaker side band intensities than leucine side chains facing the dimer interface. Fig. 4A shows the deuterium MAS spectrum of the wild-type TpoR TM peptide reconstituted into 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dimyristoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (DMPG) bilayers. The spectrum lacks the side band pattern characteristic of constrained deuterated methyl groups. The sharp resonance at zero frequency is from deuterated water in the sample. We interpret the lack of MAS sidebands as resulting from rotational motion of the peptide on the time scale of MAS. Lowering the temperature restricts rotational diffusion of the peptide and results in a spectrum with a distinctive stronger pattern of rotational side bands (Fig. S6) . Fig. 4B presents the deuterium NMR spectrum of the TpoR TM domain lacking the five-residue RWQFP motif. The deletion was previously shown to be activating (12) and is similar to the sequence tested by Engelman and coworkers (18) in which the RWQFP was partially deleted. The deletion of the insert restores the pattern of rotational side bands spaced at the MAS frequency of 3 kHz. The width of the side band envelope is characteristic of a TM domain dimer. Fig. 4 C and D show deuterium MAS spectra of the TpoR TM peptide with the S505N and W515K substitutions. Both mutations are activating. The spectra of both the S505N and W515K mutants exhibit the same pattern of rotational side bands as seen in Fig. 4B , indicating that the mutation stabilizes the TM dimer of TpoR.
To test whether inactivation of the TpoR W515K mutant by insertion of tryptophan at positions 514 or 516 influences dimerization, deuterium NMR spectra were obtained of TM peptides containing the R514W, W515K (Fig. 4E) , and W515K, Q516W (Fig. 4F ) double mutations. In both of the double mutants, the intensity in the rotational side bands is lost, consistent with greater mobility of L512 due to a shift to monomeric TpoR.
Sedimentation equilibrium analytical ultracentrifugation was also performed to compare the ability of the TM peptides to dimerize in detergent micelles. The wild-type and mutant TpoR TM peptides were reconstituted into DPC micelles at three concentrations (∼20 μM, 35 μM, and 50 μM), and data were acquired at three centrifugation speeds (98,784, 129,024 and 185,785 × g). Fig. 5A presents the sedimentation equilibrium measurements of the wild-type TpoR TM peptide at peptide concentration of 35 μM. The data were analyzed using a single component analysis. Fig. 5B presents the M r of the monomeric peptide and the single component fit to data from all concentrations and rotor speeds. The results roughly match those obtained by deuterium MAS NMR of the TM peptides reconstituted into membrane bilayers. The wild-type TpoR peptide exhibits a M r close to that of the monomer, whereas the S505N and W515K mutants sediment at an M r close to that of a dimer. The apparent dimerization of the W515K mutant is reversed in the W515K, Q516W and R514W, W515K double mutants.
Dimerization of the TpoR TM Domain Is Regulated by the TM Helix Tilt
Angle. Polarized FTIR spectroscopy of TM peptides was used to assess the extent of helical secondary structure and the angle of the TM helix relative to the bilayer normal. For the TM domain of the TpoR reconstituted in DMPC bilayers, we typically observe an amide I vibration at 1,657 cm −1 (Fig. 6A) . Fourier deconvolution of the amide I band reveals no significant nonhelical structure. The dichroic ratio of the amide I band is sensitive to the angle of the TM helix relative to the plane of membrane. For the wild-type TpoR TM domain, we observe a dichroic ratio of 2.7 ± 1, which corresponds to a helix angle of ∼30°relative to the membrane normal. The W515K mutation results in an increase in the dichroic ratio to 3.0 ± 1 and a helix angle (∼23°) closer to the bilayer normal (Fig. 6B) . In contrast, both the WKQFP and RKWFP sequences lead to lower dichroic ratios (∼2.5), consistent with an increase in the helix tilt angle (∼38°). We interpret the results from analytical ultracentrifugation, deuterium MAS NMR and IR spectroscopy in terms of a model in which the RWQFP sequence also controls the tilt of the helix in the bilayer, which in turn controls the ability of the helix to dimerize.
Discussion
Our main finding is that W515 in the RWQFP sequence impairs TpoR TM helix dimerization, and by doing so prevents constitutive receptor activation. Mutations (W515K or S505N) that induce TM helix dimerization activate signaling. Second-site mutations (R514W or Q516W), which reverse dimerization of the TM α-helix, prevent signaling. The RWQFP motif seems to regulate a receptor that is primed for activation. NMR and analytical ultracentrifugation measurements of the TpoR TM domain lacking the RWQFP motif demonstrate that the TM sequence alone has an inherent propensity to dimerize and that inclusion of the motif inhibits dimerization.
These observations seem to be associated with several unique functional features of TpoR. First, the receptor is expressed at several distinct stages of hematopoiesis, from stem cells to mature platelets. Second, TpoR functions differently in different cellular contexts, from regulating hematopoietic stem cell quiescence (4-6) to controlling megakaryopoiesis (7, 8) , both promoting and inhibiting megakaryocyte proliferation as a function of cellular JAK2 levels (31) . Our data indicate that W515 maintains the receptor in the inactive conformation and imparts specific signaling upon ligand activation. In this regard, in our engineered coiled-coil receptor dimers, mutation of W515 to lysine removes the inhibition for the one inactive orientation and abolishes differences in biologic effects induced by several other TpoR dimers (19) . Regulation of dimerization is a critical aspect of all single-pass TM receptors. The isolated TM domains for both the EpoR (26, 27) and TpoR (18) have previously been shown to have a propensity to dimerize, although to different extents; EpoR TM dimerization seems to be comparable to that of the TM domain of glycophorin A (26), whereas TpoR TM dimerization seems to be weaker than glycophorin A (18) . Our experiments using the Gaussia princeps luciferase assays show that the dimerization of full-length TpoR is weaker than that of EpoR, which is known to be a preformed dimer (32, 33) . Our data indicate that mutations that promote TM α-helix dimerization and that induce constitutive activation also impact full-length receptor dimerization.
Our working model for how the RWQFP motif regulates dimerization is that it extends the hydrophobic length of the TM helix, which tilts as the tryptophan side chain partitions into the bilayer. R514 may partition into the membrane owing to favorable cation-π interactions with W515. Solution NMR studies show that the RW region is helical and the TM helix unravels at Phe517-Pro518 (Fig. S7) . The increase in the tilt angle reduces the surface contact area between TM helices and disfavors dimerization.
Tryptophan plays a unique role in this mechanism. Tryptophan exhibits a strong preference for the ends of TM helices in single-pass membrane proteins (34) and has the largest free energy for partitioning into the headgroup region of membrane bilayers (22) . Model peptide studies have shown that the position of tryptophan and lysine at the ends of TM helices can influence the mismatch between the hydrophobic length of the peptide and the bilayer thickness, which in turn can alter the helix tilt angle (35) . In contrast, tryptophan at central positions in single-pass membrane proteins may actually mediate helix association (36) .
Ligand binding to the extracellular domain (or the activating S505N mutation) can overcome the favorable membrane interactions of W515 and drive helix dimerization by changing the tilt angle and orientation of the TM helix. The activating W515 mutants remove the stabilizing cation-π interaction and leave the positively charged R514 side chain, as well as the polar Q516, in an unfavorable hydrophobic environment. Arginine and glutamine have unfavorable transfer free energies (22) . As a result, the tilt angle of the helix decreases in the W515 mutants as R514 moves out of the membrane. The second site mutations adjacent to W515K and W515L mutations reintroduce a tryptophan at the JM boundary.
On the basis of sequence database searches, the conserved RWQFP sequence seems to be unique at the intracellular end of single-pass membrane receptors. The balance of hydrophilic and hydrophobic amino acids within the motif likely contributes to its ability to partition between membrane and cytosolic environments upon ligand binding. However, a second possible function of the motif may be to guide dimerization of the ligand-activated receptor. Q516 is predicted to be in the interface of the active receptor dimer (18, 19) and has the potential to mediate helix interactions. Thus, this simple five amino acid insert in the TpoR may both hold the TM helix in an inactive conformation in the unliganded receptor and contribute to the rotational dependence of activation in the ligand-bound receptor.
Methods
cDNA Constructs and Cells. The wild-type and mutant human TpoR cDNAs cloned in bicistronic pMX-IRES-GFP contained an HA tag at the amino terminus (2) . Human JAK2 and TYK2 cDNAs were cloned in pMX-IRES-CD4 (2). Site-directed mutagenesis was performed with the Stratagene Quick mutagenesis kit or overlapping PCR. All constructs were verified by Sanger sequencing. Ba/F3 cells are IL-3-dependent proB mouse cells that were maintained in RPMI supplemented with 10% (vol/vol) FBS and Walter and Eliza Hall Institute (WEHI) cell supernatant (19) as a source of IL-3. Gamma-2A cells are human fibrosarcoma cells deficient in JAK2 (24) .
Retroviral Transduction and Generation of Cell Lines Stably Expressing TpoR
Mutants. Ecotropic retroviral supernatants were generated in BOSC cells, and retroviral transduction was performed on Ba/F3 cells (19) . Flow cytometry cell sorting was used to isolate pools of cells expressing equivalent levels of GFP (15) . Total and cell surface TpoR levels in transduced cells were assessed by Western blotting and flow cytometry with anti-HA antibodies, respectively (15) .
Dual Luciferase Transcriptional Assays. Transcriptional activation of STAT5 and STAT3 was analyzed in γ-2A, Ba/F3, and HEK293 cells expressing TpoR or TpoR mutants, as previously described (19) , using the STAT5/STAT3 pGRR5 luciferase reporter and pRL-TK driven renilla luciferase. Gamma-2A cells or Ba/F3 cells were transiently transfected using Lipofectamine and electroporation, respectively (2) . A Perkin-Elmer Victor X Light analyzer was used for detecting luminescence in cell lysates.
Synthesis and Reconstitution of TpoR TM Helix Peptides.
2 H-Labeled amino acids were purchased from Cambridge Isotope Laboratories. Lipids were obtained from Avanti Polar Lipids, as a lyophilized powder and used without further purification. Peptides (45 residues; Fig. 4 ) corresponding to the TM domain of TpoR were synthesized using solid-phase methods (Keck Facility, Yale University, New Haven, CT). TpoR peptides were purified as previously described for EpoR (37) and reconstituted by detergent dialysis using a 10:3 DMPC/DMPG molar ratio and a ∼1:60 peptide/lipid molar ratio. FTIR measurements were made after dialysis. For NMR measurements, the membrane reconstituted peptides were pelleted, lyophilized, rehydrated with deuterium-depleted water (50% ± 5% weight), and incubated at 37°C for 24 h.
Polarized IR Spectroscopy. Polarized attenuated total reflection FTIR spectra were obtained on a Bruker IFS 66V/S spectrometer. Membranes containing TpoR peptides (∼150 μg) were layered on a germanium internal reflection element using a slow flow of nitrogen gas directed at an oblique angle to the IR plate to form an oriented multilamellar lipid-peptide film. One thousand scans were acquired and averaged for each sample at a resolution of 4 cm −1 .
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